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[1] Surface nutrients and dissolved inorganic carbon (DIC) in the central (CEP) and
eastern equatorial Pacific (EEP) show much higher concentrations to the south than to the
north of the equator. In this study, the physical and biological controls on this asymmetry
are investigated using a coupled physical-biogeochemical model. Two numerical
experiments are conducted to examine the effects of asymmetrical photosynthetic
efficiency (a) due to asymmetrical iron supply about the equator. The experiment with
asymmetrical photosynthesis produces improved results as compared with historical
observations. A nitrate budget analysis suggests that in the EEP the divergence of
upwelling waters controls the surface nitrate asymmetry with additional contribution from
the South Equatorial Current (SEC) carrying nutrient-rich Peru upwelling water. The
changes of a affect the surface nitrate distribution but not the overall asymmetry. The SEC
further carries excess nitrate to the west and thus extends the asymmetry in the east to
the CEP. In the CEP, however, stronger northward than southward transport tends to
reduce the nitrate asymmetry, while the asymmetrical photosynthesis would help to
maintain it. Similar processes also control the distributions of surface silicate and DIC in
the equatorial Pacific, which is also affected by the air-sea CO2 exchange. The
asymmetrical photosynthesis influences the distribution of surface DIC, pCO2, and the
air-sea CO2 flux, by redistributing about 20% CO2 flux from the north to the south of the
equator. Owing to the adjustment of air-sea CO2 flux, however, the net surface DIC
change is smaller than the direct change associated with primary production.
Citation: Jiang, M.-S., and F. Chai (2005), Physical and biological controls on the latitudinal asymmetry of surface nutrients and
pCO2 in the central and eastern equatorial Pacific, J. Geophys. Res., 110, C06007, doi:10.1029/2004JC002715.
1. Introduction
[2] It is well known that in the equatorial Pacific many
hydrological and biogeochemical properties including tem-
perature, salinity, nutrients, and dissolved inorganic carbon
(DIC) show ubiquitous latitudinal asymmetry in the upper
layer [e.g., Wyrtki and Kilonsky, 1984; Carr et al., 1992;
Murray et al., 1995; Strutton and Chavez, 2000]. This
asymmetry exists over the entire eastern equatorial Pacific,
and sometimes can extend as far as the dateline, as clearly
seen in climatological mean fields in both the central and
eastern equatorial Pacific. This is evident in several mea-
sured surface properties along 160Was shown in Figure 1.
The potential density is higher to the south than to the north
of the equator, which is consistent with the latitudinal
gradients of surface temperature and salinity [e.g., Wyrtki
and Kilonsky, 1984]. Surface nitrate concentrations are also
higher in the south, with the maximum located near 3S.
The observed partial pressure of CO2 (pCO2) at the sea
surface has a similar latitudinal asymmetry as nitrate distri-
bution [see Takahashi et al., 2002, Figure 1]. The asym-
metrical feature of surface silicate concentrations in the
central equatorial Pacific is less pronounced [e.g., Carr et
al., 1992; Murray et al., 1995].
[3] It is not well understood as to the dominant processes
that cause and maintain the apparent nutrients and DIC
asymmetry, particularly in the central equatorial Pacific. In
the eastern equatorial Pacific, physical transport plays an
important role in creating this asymmetry [Toggweiler et al.,
1991]. Many analyses based on chemical property distribu-
tions suggested significant contribution from the westward
transport of nutrient-rich Peru upwelling water via the
South Equatorial Current (SEC) [Toggweiler et al., 1991;
Dandonneau, 1995; Etcheto et al., 1999; Feely et al., 2002].
However, numerical experiments have shown that there is
little oceanic connection between the Peru coastal upwelling
and the equatorial system [Kessler et al., 1998]. Le´fevre et
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al. [1994] suggested that the westward decrease of surface
pCO2 was predominantly due to biological activity. In the
central equatorial Pacific, the equatorial upwelling reaches
its maximum, and is almost symmetrical about the equator
[Chai et al., 1996]. The northward displacement of inter-
tropical convergence zone (ITCZ) induces a net northward
transport across the equator in the surface layer [Johnson
and McPhaden, 1999]. Such asymmetrical transport results
in more northward nutrient supply. Nutrient concentrations
are lower here than in the eastern equatorial Pacific [Barber
and Chavez, 1991], and occasionally the asymmetrical
features weaken [e.g., Carr et al., 1992]. However, surface
nutrients remain higher in the south under a variety of
hydrographic conditions [e.g., Le Borgne and Landry, 2003;
Leynaert et al., 2001; Strutton and Chavez, 2000]. The
overall asymmetry of nutrients and its controlling mecha-
nisms are difficult to evaluate based on limited temporal and
spatial coverage from field surveys alone.
[4] There has been increasing evidence that iron as a
limiting micronutrient is critical to phytoplankton growth in
this region [e.g., Martin et al., 1994; Coale et al., 1996;
Landry et al., 1997]. In the euphotic zone of the equatorial
Pacific, iron is supplied externally via deposition of Aeolian
dust or by upwelling of relatively iron-rich equatorial
Undercurrent (EUC) water, which might have a terrestrial
origin [Gordon et al., 1997; Landry et al., 1997]. Gordon et
al. [1997] suggested that the upwelling of EUC water was
the dominant iron source for this area. Overall, iron concen-
trations within euphotic zone are higher in the north than in
the south [Lindley et al., 1995; Lindley and Barber, 1998],
which is opposite to the surface nutrient asymmetry and
would influence the surface nutrient distribution through
phytoplankton production. On the basis of this asymmetry
and its effect on photosynthetic efficiency [Lindley et al.,
1995], Chai et al. [1999] conducted numerical experiments
using a coupled physical-biological model and found that
the asymmetrical growth of phytoplankton about the equator
could only reproduce part of the observed nitrate asymmetry.
They also suggested that asymmetrical physical setting
could be dominating surface nitrate asymmetry.
[5] On the basis of numerical experiment designs similar
to that of Chai et al. [1999], we use an improved physical-
biological model [Jiang et al., 2003] to investigate the role
of iron asymmetry and associated biological productivity on
the surface nutrients and DIC distributions. Section 2
summarizes the evidence that supports the potential asym-
metry of surface iron distribution, and outlines the model
and design of numerical experiments. Section 3 presents the
model results. The implications of asymmetrical photosyn-
thesis on the surface distributions of DIC and pCO2 are
presented as well. The physical and biological mechanisms
that control the surface nutrient asymmetry are discussed in
section 4. For convenience of discussion, the CEP and EEP
are referred to as the central (10N–10S, 180W–135W)
and eastern (10N–10S, 135W–90W) equatorial Pacific,
respectively.
2. Physical-Biological Model and Design of
Numerical Experiments
2.1. Model Description
[6] The physical model used is the NCAR climate ocean
model (NCOM) [Gent et al., 1998], which is a modified
version of the GFDL Modular Ocean Model (MOM) 1.0
Figure 1. Examples of surface physical and biogeochemical asymmetry in the equatorial Pacific:
surface nitrate, silicate, air-sea pCO2 difference (DpCO2), and potential density along 150W. Both nitrate
and silicate data are from World Ocean Database (WOD98) [Conkright et al., 1998]. Potential density is
calculated from temperature and salinity in Levitus climatology data set [Levitus et al., 1994a, 1994b].
DpCO2 data are from Takahashi et al. [2002].
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[Pacanowski et al., 1991]. We use the version of NCOM
configured for the Pacific Ocean by Li et al. [2000] with full
model domain between 45S and 65N, 100E and 70W
and realistic coastal geometry and bottom topography. The
southern boundary is closed with a solid wall at 45S. The
longitudinal resolution is 2 everywhere, while the latitudi-
nal resolution is 0.5 within 10S and 10N, tapering off to
2 at both the north and south boundaries. There are 40
vertical layers, with 23 levels located in the upper 400 m.
The model is forced with the monthly Comprehensive
Ocean Atmosphere Data Set (COADS). The heat flux is
based on the bulk formulation that consists of incoming
short-wave radiation, outgoing long-wave radiation, and
sensible and latent heat fluxes. The detailed calculations
of these fluxes are given by Li et al. [2000]. The sea surface
salinity is restored to the monthly Levitus climatology
[Levitus et al., 1994a, 1994b] with a restoring timescale
of 30 days.
[7] The biological model is based on the one-dimensional
(1-D) model (CoSINE, Carbon, Si(OH)4, Nitrogen Ecosys-
tem) by Chai et al. [2002] and Dugdale et al. [2002]. The
model has 10 components representing small phytoplankton
cells (S1) (less than 5 mm in diameter) and diatoms (S2),
micro- and meso-zooplankton (Z1 and Z2), nonliving detri-
tal nitrogen and silicon (DN and DSi), dissolved silicic acid
(silicate; Si(OH)4), two forms of dissolved inorganic nitro-
gen: nitrate (NO3) and ammonium (NH4), and total CO2
(TCO2 = DIC). The model has a fixed euphotic depth of
112 m, below which it is assumed that no photosynthetic
activity takes place. With high resolution and an ad-
vanced mixing scheme, the model is able to reproduce
mean physical and biological features and seasonal,
interannual, and decadal variability of the ecosystem
and carbon cycle in the equatorial Pacific. More details
are given by Chai et al. [2002] and Jiang et al. [2003].
2.2. Evidence for Asymmetrical Distribution of
Dissolved Iron Over the Equator
[8] There is increasing evidence that dissolved iron in the
euphotic zone of the equatorial Pacific has an asymmetrical
distribution about the equator with higher concentrations in
the north than in the south. The integration of dissolved iron
concentrations within the upper 100 m along 140W during
the FeLine cruise in 1990 yielded 5.2 mmol m2 at 3N,
which was about 50% higher than the 3.6 mmol m2 at 3S
[see Lindley et al., 1995, Table 2]. On the basis of historical
data, Fung et al. [2000] estimated that the mixed layer mean
ratio of dissolved iron over nitrate was about 5  106
between 3N and 15N and 4  106 between 15S and
3S, which suggested possible higher mixing supplies of
iron in the north. In addition, there is more dust deposition
in the north than in the south Pacific [Duce and Tindale,
1991], which may eventually affect the tropics through the
complex North Pacific current system. Further evidence
comes from stronger activities of tropical instability waves
(TIWs) in the north [e.g., Yu et al., 1995]. Barber et al.
[1996] suggested that intensive upwelling induced by TIWs
would enhance the supply of iron and nutrient-rich waters in
the EUC to the surface, resembling the results from IronEx I
iron enrichment conducted in the EEP [Martin et al., 1994].
Consistent with these findings, the measurements during the
U.S. Joint Global Ocean Flux Study (JGOFS) EqPac survey
II showed clearly latitudinal variations of phytoplankton
photosynthesis [Lindley et al., 1995] in that the corrected
maximum quantum yield by phytoplankton increased line-
arly from the south to the north.
2.3. Design of Numerical Experiments
[9] Numerical experiments were designed to test the
effects of iron asymmetry in the equatorial band by assuming
that the iron asymmetry links directly to the photosynthetic
performance of phytoplankton. Slightly different from the
experiments conducted by Chai et al. [1999], we choose our
test parameter as phytoplankton photosynthetic efficiency a,
also called the initial slope of P-I curve, and keep the
maximum specific growth rate unchanged (Figure 2). In
addition, the latitudinal change of a only occurs within
3N–3S, consistent with the results of Lindley et al. [1995].
[10] There are two numerical experiments (Figure 2). In
the CONTROL case, a is set to 2.5  102 W m2 d1
everywhere, which is a relatively low value, representing
general iron-limiting situations in this area, as compared to
values used in other areas [JGOFS, 1997]. In the ASYMM
case, the parametera increases linearly from 1.875 102W
m2 d1 at 3S to 3.125  102 W m2 d1 at 3N. Slightly
different from the generally linear trend of fm observed in the
FeLine experiment [Lindley et al., 1995], a is set to be
constant beyond 3N–3S. Though it is widely believed that
iron deficiency limits primarily the growth ability of larger
cells such as diatoms, field tests and laboratory work have
shown clear regulation of iron on small phytoplankton aswell
[e.g., Landry et al., 1997; Boyd et al., 2000]. Therefore the
modified a in the ASYMM case will be applied to both small
phytoplankton and diatoms.
3. Results
3.1. Asymmetry of Surface Water Density
and Currents
[11] Water density structure and circulation patterns
play an important role in determining the asymmetrical
distribution of nutrients and DIC in the equatorial Pacific.
Figure 2. Phytoplankton photosynthetic efficiency (a) in
the CONTROL case (thin line) and ASYMM case (thick
line).
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Both the modeled and observed surface density along three
meridional sections show strong asymmetrical features with
higher density south of the equator (Figure 3). Modeled
density agrees with observation quite well but underesti-
mates the density gradient at 140W and overestimates the
gradient at 180. In general, modeled density tends to be
slightly lighter than the observed. It is well known that the
water to the south of the equator is saltier than to the north
owing to the subsurface intrusion of high-salinity water
from the Southern Ocean [see, e.g., Wyrtki and Kilonsky,
1984; Wanninkhof et al., 1995]. The salinity minimum is
around 10N, which has North Pacific origins [Wyrtki and
Kilonsky, 1984]. Water temperature shows an asymmetrical
distribution as well, with higher temperature in the north,
fed by the North Equatorial Counter Current (NECC) from
the western Pacific. As a combination of temperature and
salinity asymmetries, the surface density distribution shows
an even stronger asymmetry over the equator (Figure 3).
This meridional pattern changes gradually from the east to
the west with decreasing north-south gradient. The density
troughs at 7S and 10N along 110W appear to shift about
2–3 southward along 180W.
[12] The reduced asymmetry in the CEP is largely due to
changes in the surface circulation patterns. In response
directly to the surface wind and in part to the surface water
density structure, the surface currents in the equatorial
Pacific are complex (Figure 4). Modeled surface currents
agree with the direct drifter measurements for the period of
1988–1994 [McPhaden et al., 1998] and other modeled
simulations [e.g., Kessler et al., 1998]. The modeled SEC
(between 7S and 4N) agrees with observational data very
well in both strength and spatial coverage. Both the north
and south branches of the SEC have a poleward component
that maximizes at about 2.5 from the equator. Furthermore,
it appears that the south branch is stronger than the north
branch east of 120W, while the north branch is stronger
between 180W and 130W, which is consistent with
modeled results by Kessler et al. [1998]. The model under-
estimates the strengths of both the NECC (between 4N and
10N) and North Equatorial Current (NEC) (north of 10N),
though the modeled boundary between the NECC and SEC
is in good agreement with observational data.
3.2. Effects of Photosynthetic Efficiency on
Asymmetry of Surface Nutrients
[13] Unlike temperature and salinity, the biological re-
moval of nutrients also affects nutrient distributions near the
surface. The interplay between physical transport and bio-
logical uptake of nutrients determine nutrient concentrations
and distributions [Chai et al., 1996; Jiang et al., 2003]. To
illustrate the role of biological productivity in controlling
surface nutrient levels and spatial patterns, we conduct two
model experiments, CONTROL and ASYMM (see details
in section 2.3 and Figure 2), while keeping the circulation
simulation unchanged. The 2 mmol contours of surface
nitrate from both experiments are compared with the clima-
tological mean contour [Conkright et al., 1998] (Figure 5a).
In general, the nitrate pattern in the ASYMM case matches
with the observed very well except in the southwestern
boundary of the high-nitrate tongue where the 2 mmol
contour of modeled nitrate is displaced farther southward.
In contrast, the 2 mmol contour of NO3 in the CONTROL
case shifts toward the north by 2–3, as compared with the
observed values. As a consequence, the modeled NO3 for
Figure 3. Comparisons of the modeled potential density
sq (dashed line) with the density calculated from Levitus
climatology (solid line [Levitus et al., 1994a, 1994b]):
(a) 180W, (b) 140W, and (c) 110W.
Figure 4. Annual mean surface currents in the central and
eastern equatorial Pacific.
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the CONTROL case in the CEP shows a roughly symmet-
rical pattern. Near the dateline, it has a slightly reversed
asymmetry about the equator with higher concentrations in
the north.
[14] The largest differences of surface NO3 concentra-
tions between these two experiments occur at both the north
(5N–7N) and south (5S–15S) boundaries of the high-
nitrate tongue (Figure 5b). The difference in the south can
be as high as 4 mmol, located at southeast corner (15S,
105W), with the ASYMM case producing higher nitrate
values comparing to the CONTROL case. In contrast, the
largest difference in the north is located around 6N and
130W, where the NO3 concentration in the CONTROL
case is about 2 mmol higher than in the ASYMM case.
[15] The comparison between modeled and observed
NO3 concentrations can be evaluated quantitatively by
simple correlation analysis. We limit our analysis to
the high-nitrate region (15N–15S, 180W–90W) in
the equatorial Pacific. The modeled surface NO3 in the
ASYMM case agrees with the observational data better
with an R2 value equal to 0.73, whereas in the CONTROL
case, R2 is 0.45 (Figure 6). In the ASYMM case, the
modeled and observed NO3 follows a roughly 1:1 relation-
ship with a slope of 0.96, while the slope for the
CONTROL case is 0.85, significantly lower than 1.
[16] Modeled chlorophyll and primary production
are compared with historical data collected along 140W
(Figure 7). Modeled chlorophyll concentration is derived
simply by multiplying the modeled phytoplankton biomass
with a constant of 1.58, assuming a chlorophyll to carbon
ratio of 50:1 and a C:N molar ratio of 6.625. The phyto-
plankton biomass and primary production to the south of the
equator are significantly lower in the ASYMM case than in
the CONTROL case. The largest difference is located
between 5S and 6S, with both phytoplankton biomass
and primary production in the ASYMM case being about
half of those in the CONTROL case. It is clear that south of
the equator the modeled chlorophyll with asymmetrical
photosynthetic efficiency compares much better with the
observed chlorophyll. In particular, no sharp drop of chlo-
rophyll concentration is present in the ASYMM case.
Chlorophyll concentrations in the north are about the same
Figure 5. (a) Comparisons of the high-nitrate tongue in the central and eastern equatorial Pacific from
two numerical experiments and WOD98 [Conkright et al., 1998]. Only the 2 mmol contour is shown.
(b) Differences of surface nitrate between the ASYMM case and CONTROL case (ASYMM minus
CONTROL).
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in these two cases. By contrast, primary production in the
ASYMM case is higher, with the largest difference at 5N.
While it appears that primary production in both cases agree
reasonably well with the observations, the unrealistic drop
around 8S in the CONTROL case is eliminated in the
ASYMM case.
[17] The major contribution to the surface nitrate concen-
tration difference between these two cases comes from the
small phytoplankton uptake of nitrate, rather than diatoms.
Figure 8 shows the different nitrate uptakes between small
phytoplankton (S1) and diatoms (S2) along 150W and
120W for both cases. In the ASYMM case, the nitrate
uptake of small phytoplankton south of the equator is
considerably lower owing to lower photosynthetic efficiency
(see Figure 2), while it is higher north of the equator. The
nitrate uptake of diatoms does not show much difference
between the two cases (Figure 8). The reason is that diatom
growth in this model is mainly restricted to 3N–3S owing
to the silicate regulation [Jiang et al., 2003]. By contrast,
the small phytoplankton has a much broader band of high
growth than diatoms such that it is very sensitive to the
changes of photosynthetic efficiency. Small changes in NO3
uptake by diatoms can be seen in the EEP, which is due to
broader growth of diatoms supported by higher silicate
concentrations in this region. The silicate distribution in
the EEP changes slightly as well along with the changes of
diatom uptake (not shown).
[18] To understand the creation and maintenance of
surface nutrient asymmetry, it is necessary to further eval-
uate the asymmetry of physics over the equator, which has
long been recognized and documented extensively [e.g.,
Wyrtki and Kilonsky, 1984; Philander, 1990; Toggweiler et
al., 1991; Kessler et al., 1998]. In addition to the asymmet-
rical density distribution seen in Figure 3, the poleward
transport across 2N and 2S is asymmetrical as well in
association with the current pattern (Figure 9a). Near the
west coast of South America (east of 105W), the surface
current transports upwelled water to the south on both sides
of the equator. The southward transport at 2S remains
almost constant throughout the CEP and EEP. On the other
hand, the meridional transport at 2N switches to northward
at 100W, then increases gradually to the west, and even-
tually levels off at 120W. The poleward transport on both
sides of equator are nearly equal between 135W and
125W. West of 135W, the northward transport becomes
stronger, which results in a net water flux from the Southern
to Northern Hemisphere that is linked with the convergence
of the ITCZ at 10N [Johnson and McPhaden, 1999].
[19] The nitrate fluxes across 2N and 2S are closely
associated with the water volume transport with stronger
southward nitrate flux east of 120W and stronger north-
ward flux west of 135W (Figure 9b). However, nitrate flux
decreases from the east to the west in the CEP owing to the
Figure 6. Correlations of modeled and observed NO3
concentrations from WOD98 [Conkright et al., 1998] in
(a) the CONTROL case and (b) the ASYMM case.
Figure 7. Comparisons of modeled and observed
(a) surface chlorophyll and (b) primary production along
140W. Both observed chlorophyll and primary production,
limited to within 10N–10S, are derived by binning the
historical data collected along 140W in 1983–1996 (R. T.
Barber, personal communications, 2003). The vertical bars
indicate the standard deviations.
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reduction of surface nitrate concentrations [Barber and
Chavez, 1991]. To examine this issue further, we compute
the ratios of northward to southward volume transport and
nitrate flux. The northward volume transport is about
1.5 times higher than the southward transport (Figure 9c).
In the CONTROL case, the northward nitrate transport in
the CEP is about 2–2.5 times higher than the southward
nitrate transport. In the ASYMM case, the nitrate transport
ratio (northward/southward) reduces to 1.5 west of 120W.
In the CEP, changes in the biological uptake of nitrate
control nitrate concentrations, and furthermore affect the
overall nitrate flux.
[20] To gain more insight, we perform a nitrate budget
analysis within the top 50 m for the regions outside of the
equatorial upwelling zone (EUZ) (i.e., outside of 2N–2S)
(Table 1). The majority of nitrate inputs to the top 50-m layer
are from meridional fluxes with small additions due to zonal
fluxes. These north and south nitrate fluxes out of the EUZ
are the result of the equatorial upwelling [Jiang et al., 2003].
A small percentage of these north and south nitrate fluxes are
due to the westward transport of the SEC within the EUZ,
which can be accessed by calculating the nitrate flux
associated with the SEC within 2N–2S at 90W. For the
CONTROL case, this flux is 1.4  104 mol N s1, which is
much less compared to the total meridional (northward +
southward) flux of 19.6  104 mol N s1. The biological
uptake of nitrate is the predominant loss term, which nearly
balances the meridional nitrate inputs. The local down-
welling beyond the EUZ represents a loss term as well,
which is small compared to the biological uptake.
[21] The asymmetrical photosynthetic efficiency changes
the nitrate budget, particularly in the CEP where about 10–
20% changes take place for both nitrate inputs and losses.
The meridional nitrate fluxes and new production have the
largest changes. Except for changes associated with down-
welling terms, all other changes are in favor of increasing
nitrate concentrations in the south while decreasing it in the
north. It is clear that the changes of downwelling fluxes
beyond the EUZ are the results of changes in surface nitrate
concentrations.
3.3. Impacts of Photosynthetic Asymmetry on the
Surface DIC Distribution
[22] To investigate the impacts of photosynthetic asym-
metry on surface DIC and pCO2 distributions, we force the
Figure 8. Nitrate uptakes of small phytoplankton (S1) and
diatoms (S2) along (a) 140W and (b) 110W.
Figure 9. Meridional fluxes within the mixed layer at 2N
and 2S. Positive value indicates poleward flux. (a) Mean
meridional velocities. (b) Total meridional transports of
nitrate in the CONTROL and ASYMM cases. (c) Ratios of
northward flux across 2N to southward flux across 2S for
mean velocity and nitrate flux. East of 100W the ratios are
all negative (not shown).
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physical-biogeochemical model with observed atmospheric
pCO2 corresponding to 1992 values at Mauna Loa during
1992 [Keeling et al., 1996]. The DIC concentration is
initialized with the compiled data collected from WOCE
measurements (http://cdiac.ornl.gov/oceans/glodap/Glodap_
home.htm), and the model is integrated for 20 years with
monthly mean forcing. The CO2 air-sea flux is F =
ks(pCO2a  pCO2s), where k is the piston velocity, s is
the solubility of seawater, and pCO2a and pCO2s are the
atmospheric and the sea surface pCO2, respectively. The
piston velocity has a quadratic dependence on the wind
speed [Wanninkhof, 1992]. The solubility efficiency is
determined by the sea surface temperature. The sea surface
pCO2 is calculated with the equations by Peng et al. [1987]
with the inputs of the modeled DIC, temperature, salinity,
and Si(OH)4. Alkalinity is not directly simulated; rather it is
linearly linked to normalized salinity (salinity divided by
35) with different temperature dependences for different
oceanic regimes [Millero et al., 1998]. Therefore, when
salinity changes at the sea surface as restored to climato-
logical means, the alkalinity also changes accordingly. The
cycling of DIC follows the nitrogen cycle with a fixed
Redfield ratio RC:N of 6.625; that is, any nitrogen flux FN
between two model components corresponds to a carbon
flux FC = RC:NFN. We note that the denitrification removal
of nitrate is not simulated in the current model, though it
occurs at the subsurface waters in the far eastern tropical
Pacific, mainly south of the equator, and the Peru upwelling
[Codispoti and Christensen, 1985; Gruber and Sarmiento,
1997]. Denitrification in the real world would create a
situation that deviates from the Redfield statistics since it
does not have a counterpart in carbon cycle. In other words,
the DIC in the model would follow nitrogen cycle closely,
except at the sea surface in the presence of fast CO2
exchange with the atmosphere; the nitrogen deposition at
the sea surface is relatively small and not simulated in the
model.
[23] The annual means of modeled surface DIC concen-
tration from both the CONTROL and the ASYMM cases
are shown in Figures 10a and 10b, respectively. In general,
modeled DIC concentrations and spatial distribution agree
reasonably well with the observations [Lamb et al., 2002].
Similar to surface nitrate distribution, the high DIC in the
equatorial region is controlled by the equatorial upwelling
and the SEC advection of CO2-rich waters in the Peru
upwelling region (see section 4). Further, the north-south
asymmetry of DIC is also mainly due to physical control
with additional contribution from biological uptake. The
model likely overestimates the nitrate asymmetry in the far
eastern tropical Pacific since denitrification is not accounted
for in the model, which is much higher in the Peru
upwelling region (south of the equator) than in the Central
and South American coast (north of the equator) [Codispoti
and Christensen, 1985; Gruber and Sarmiento, 1997].
However, this does not affect the DIC result since denitri-
fication does not have a counterpart in carbon cycling.
Without other biases, the modeled DIC asymmetry would
be more realistic than the modeled nitrate asymmetry in the
region.
[24] We also present the DIC differences between the two
cases by subtracting the CONTROL results from the
ASYMM experiment (Figure 10c). It is clear that
the influence of asymmetrical phytoplankton growth on the
difference of DIC distribution is closely associated with the
difference of nitrate. Compared to the CONTROL case,
the surface DIC concentrations in the ASYMM experiment
are about 0–12 mmol L1 higher in the south and 0–
8 mmol L1 lower in the north. Correspondingly, the air-sea
CO2 flux becomes higher in the south and lower in the north
(Table 2). However, modeled DIC changes are 50–70%
lower than the direct changes of DIC associated with the
nitrate changes according to the Redfield ratio. This discrep-
ancy is due to the fact that there is an air-sea flux for surface
DIC, but there is no counterpart for surface nitrate. The
adjustment between surface DIC and air-sea CO2 flux, when
reaching a dynamic equilibrium state (the air-sea CO2 flux
stabilizes), results in lowerDIC changes. The combined effect
of biological removal ofDIC and air-sea flux of CO2 from this
modeling study is consistent with some observational data
analysis. Dandonneau [1995] used a regression analysis and
found that 60% variations of SST, surface pCO2, and nitrate
concentrations in the equatorial Pacific could be explained by
an asymmetrical mean pattern. On the basis of continuous
decrease of pCO2 from the equator to the south,Dandonneau
[1995] also suggested that CO2 changes by biological con-
sumption and air-sea exchange dominated over the effects of
solubility increase.
[25] A further validation of the carbon model is the com-
parison of the modeled surface DpCO2 (Figure 11) with
climatologically constructed DpCO2 based on observations
[Takahashi et al., 1997, 2002]. In general, modeledDpCO2 in
both ASYMM and CONTROL experiments agree with
observations reasonably well in spatial pattern but with lower
values. Modeled DpCO2 also shows strong north-south
asymmetry in the EEP, which is consistent with the observed
DpCO2 [e.g., Takahashi et al., 1997, Figure 4]. In the EEP, the
DpCO2 values south of the equator appear to be lower than the
observed by about 20 matm. The discrepancy in the Peru
upwelling is likely due to the coarse model resolution (2 in
Table 1. Annual Mean NO3 Fluxes and Averaged New Produc-
tion for Surface Regions (0–50 m) Beyond the EUZa
N-S Fluxb
Westward
Fluxc Upwelling
New
Productiond
CEP
North Box
(180W–135W,
2N–10N)
11.1 (9.0) 2.7 (2.6) 6.2 (5.0) 8.8 (9.7)
South Box
(180W–135W,
2S–10S)
6.5 (7.5) 3.8 (4.7) 3.0 (5.1) 9.0 (7.6)
EEP
North Box
(135W–90W,
2N–10N)
6.0 (5.5) 0.1 (0.1) 0.1 (0.6) 8.9 (9.4)
South Box
(135W–90W,
2S–10S)
13.6 (13.8) 2.2 (2.5) 1.2 (1.8) 12.5 (9.5)
aUnits are: fluxes, 104 mol N s1; new production, mmol C m2 d1.
Negative flux indicates that the flux is out of the box. Numbers in
parentheses are values in the ASYMM case.
bFlux crosses 2N or 2S for each box. For example, the N-S flux for a
north box will be the flux across 2N.
cFlux crosses the east face of each box.
dNew production only integrates to 50 m, so it is not the total new
production within the euphotic zone.
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zonal dimension) that is unable to fully resolve the
strength of upwelling. The DpCO2 in the ASYMM case
shows stronger asymmetry than in the CONTROL case
and hence compares more favorably with observations.
The modeled DpCO2 in the CEP is about 20 matm lower
than the observed as well. Furthermore, modeled DpCO2
is largely symmetrical in the CEP, while strong asymme-
try is still present in the observed map [Takahashi et al.,
1997, Figure 4].
[26] The spatial pattern of DpCO2 differences between the
CONTROL and ASYMM cases follows closely the pattern
of CO2 differences (Figure 11c). Again, the maximum
differences lie at the southern and northern edges of the
high-nitrate tongue, about 15 matm and 10 matm, respec-
tively. In the CEP, the differences due to photosynthetic
asymmetry are significant considering that the observed
DpCO2 is between 30 and 40 matm [Takahashi et al.,
1997, 2002].
Table 2. Surface Nutrients, DIC, Phytoplankton Biomass, and New Production Within the Euphotic Zone
(CONTROL/ASYMM/Difference) in Four Subregionsa
Central Equatorial Pacific Eastern Equatorial Pacific
10N–0 0–10S 10N–0 0–10S
Surface NO3, mmol L
1 3.6/2.7/0.9 2.5/3.8/1.3 3.3/2.4/0.9 6.4/7.4/1.0
Surface Si (OH)4, mmol L
1 1.7/1.6/0.1 1.3/1.4/0.1 2.2/1.9/0.3 3.8/4.3/0.5
Surface DIC, mmol L1 1954/1951/3 1965/1968/3 1936/1934/2 1995/2000/5
New production, mmol m2 d1 12.6/13.9/1.3 12.6/11.3/1.3 13.2/14.5/1.3 17.2/13.9/3.3
pCO2w  pCO2a, matm 22.7/17.4/5.3 9.4/15.5/6.1 36.6/32.8/3.8 36.0/45.0/9.0
Sea-air CO2 flux, mol m
2 yr1 1.4/1.0/0.4 0.5/0.9/0.4 1.5/1.3/0.2 1.5/2.0/0.5
aDifference is defined as ASYMM minus CONTROL.
Figure 10. (a) Modeled surface DIC (mmol L1) in the CONTROL case. (b) Modeled surface DIC in
the ASYMM case. (c) Difference of surface DIC between two cases (ASYMM minus CONTROL).
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[27] While the DIC changes on both sides of the equator,
after reaching equilibrium, are small (10 mmol L1)
compared to the mean DIC concentration (2000 mmol
L1), it can change the air-sea CO2 fluxes considerably, by
roughly 20% (Table 2). The averaged air-sea CO2 flux in the
region between 10N and 10S shows negligible changes
largely due to the opposite effects on both sides of the
equator. South of the equator, the sea-to-air CO2 flux
increases in the ASYMM case, but it decreases in the north.
This implies that the photosynthetic asymmetry in the
model redistributes about 20% of the air-sea CO2 flux from
the north to the south in the equatorial Pacific.
4. Discussion
4.1. Physical and Biological Controls on the
Surface Nutrient Asymmetry
[28] In the eastern equatorial Pacific (135W–90W), the
results from two numerical experiments suggest that the
physical transport of nitrate determines and controls
the surface nitrate asymmetry. A large portion of new
production outside of the equatorial upwelling zone is
supported by the surface divergences that move upwelled
waters (rich in nutrients) away from the equator. In the far
eastern end of the equatorial Pacific, say near 90W, the
SEC occupies primarily south of the equator (10S–2N,
0–50 m). The westward flux of nitrate transported by SEC
is 3.7  104 mol N s1 in the ASYMM case, which is
approximately 20% of total meridional flux across 2N and
2S in the EEP (see Table 1). Very minor changes in the
ratio of the north-south nitrate fluxes between two numer-
ical experiments indicate that the photosynthetic efficiency
asymmetry (directly related to iron distribution) does not
influence the overall surface nitrate asymmetry in the EEP.
Instead, the physical transport of equatorial divergence and
the SEC maintain the surface nitrate asymmetry.
[29] In the CEP (180W–135W), both the physical
transport and asymmetry of photosynthesis determine the
surface asymmetry of nitrate distribution. The meridional
transport tends to reduce the nitrate asymmetry by carrying
more nitrate flux to the north. The SEC plays an important
role in this region by transporting the excessive nitrate from
Figure 11. (a) Modeled surface DpCO2 (matm) in the CONTROL case. (b) Modeled surface DpCO2 in
the ASYMM case. (c) Difference of DpCO2 between two cases (ASYMM minus CONTROL).
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the east to the west, and this occurs predominantly south of
the equator (Table 1). Furthermore, the reduced biological
productivity south of the equator, due to the reduction of
photosynthesis, results in higher modeled surface nitrate
concentrations in the ASYMM case. Specifically, the asym-
metrical uptake of small phytoplankton changes the ratio of
north-south nitrate flux dramatically (see Table 1). On the
basis of numerical experiments using an earlier version of
this physical-biological model, Chai et al. [1999] also found
important contribution from biological production but sug-
gested that the physical setting dominates the latitudinal
asymmetry.
[30] It should be noted that the northern boundary of the
high-nitrate tongue could be slightly biased toward the north
due to a weaker NECC simulated in the model. The
convergent front at the northern boundary acts as a strong
barrier preventing the spreading of nutrient-rich waters out
of the equatorial upwelling zone [Feely et al., 2002].
Nevertheless, the high-nitrate tongue should not be affected
significantly by the lower NECC simulated, since it is
generally located within the influence of the SEC.
[31] In the EEP, physical transport controls the surface
silicate asymmetry as well. In the CEP, however, surface
silicate concentrations tend to be symmetrical about the
equator (see Figure 1). The diatom production in this region
is limited to the EUZ; thus it has no effect on the surface
Si(OH)4 distribution beyond the equator. Therefore the
silicate distribution is primarily controlled by the surface
divergence. The result of higher northward volume transport
eventually reverses the southward silicate placement
extending from the east through the SEC [see Jiang et al.,
2003, Figure 3].
4.2. Nutrient Contribution From Peru Upwelling to
the Equatorial Pacific
[32] The influence of Peru upwelling appears to be
limited to the far eastern part of the equatorial region. In
the EEP, the differences of meridional fluxes across 2N and
2S obviously are much larger than the differences of SEC
fluxes in the northern and southern branches (8.3 versus
2.4 in ASYMM case). Assuming that the SEC flux (1.2 
104 mol N s1) between 2N and 2S at 90Wentirely joins
the southward flux at 2S, the local upwelling input still
dominates nitrate flux with a value of 7.1  104 mol N s1.
This is consistent with previous studies [Toggweiler et al.,
1991; Wanninkhof et al., 1995; Etcheto et al., 1999]. On the
basis of the pathway of low D14C signals, Toggweiler et al.
[1991] argued that the cold surface water in the equatorial
Pacific originated in the southwest Pacific Ocean and trans-
ported to the west via the Peru upwelling system. The low
D14C signal extends as far as 130W. On the basis of nitrate
and fugacity of CO2 (fCO2) measurements south of the
equator (0–3S) between 140W and 110W, Wanninkhof
et al. [1995] found that the air-sea CO2 flux explained most
of the westward decrease of DIC during a non-El Nin˜o
period in fall 1992, after corrected for losses due to export
production and for formation of CaCO3. They attributed the
remaining decrease to the change of local upwelling input
and further suggested that the DIC from east of 110W
carried by the SEC was responsible for the north-south
asymmetry between 140W and 110W. During a moderate
El Nin˜o event (spring, 1992), however, local upwelling
contribution to the westward DIC decrease was negligible.
Etcheto et al. [1999] suggested that there was a distinct
pathway for Peru coastal upwelled water to enter the
equatorial band. They found that the variance of DpCO2
measured along 100W from August 1991 to December
1996 could be explained about 66.5% by the SST anomaly
at 83W–85W, 2S–4S (close to the American coast)
with a 5-week delay. However, it is difficult to quantify the
exact contribution of the Peru upwelling to the DpCO2
along 100W since SST anomaly along American coast is
significantly correlated with equatorial upwelling. Using
our model results, the westward nitrate flux along the
90W across section 10N–10S, 0–50 m can be estimated
to be 4.0  104 mol N s1, which is about half of the local
upwelling 8  104 mol N s1 at 50 m over an area of
105W–90W, 10N–10S, further suggesting that the
influence of the Peru upwelling may be limited to the far
eastern equatorial Pacific.
4.3. Influences of TIWs and ENSOs on the
Climatological Means of Surface Nutrients and
DIC Distributions
[33] As an enormous upwelling system, the equatorial
Pacific experiences numerous dynamical processes that
significantly influence the surface nutrient distributions.
Strong shears between the equatorial currents induce fre-
quent occurrences of tropical instability waves (TIWs),
particularly during the boreal fall, that are more intense
north of the equator near the SST front around 2N [e.g., Yu
et al., 1995; Flament et al., 1996]. These waves could reach
as far west as the dateline, substantially more westward than
previously thought [Le Borgne and Landry, 2003; Eldin and
Rodier, 2003]. These waves would enhance the surface
nitrate asymmetry by removing more surface nitrate in the
leading front and bringing nutrient-poor warm waters from
subtropical north Pacific to the equator [Eldin and Rodier,
2003].
[34] During El Nin˜o conditions, westerly winds in the
western equatorial Pacific excite the downwelling Kelvin
waves propagating from the west to the east, deepening the
core of the EUC and depth of the thermocline in the
equatorial Pacific [e.g., Philander, 1990; McPhaden et al.,
1998]. The surface nitrate field shows more or less sym-
metry across the equator in most of the region as a
consequence of reduced vertical nutrient supply [e.g.,
Murray et al., 1995; Dandonneau, 1995]. However, higher
nitrate and DpCO2 south of the equator than north of the
equator were observed frequently during moderate El Nin˜o
events, sometimes covering the entire area east of 170W
[Le´fevre et al., 1994; Barber et al., 1996; Murray et al.,
1995; White et al., 1995; Strutton and Chavez, 2000].
During La Nin˜a conditions, strong upwelling enhances
surface nutrient and DIC asymmetry as seen in numerous
observations [e.g., Carr et al., 1992; Murray et al., 1995;
Strutton and Chavez, 2000; Feely et al., 2002]. In short, the
ENSOs are on the whole enhancing the nutrient and DpCO2
asymmetry in the seasonal mean pattern.
[35] The climatological means of observed data are
clearly the collective results of these activities. A numerical
model forced with monthly mean forcing only partially
represents the TIW activities and excludes ENSO signals
altogether. The differential iron supply due to TIWs and
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iron sources is conceptually represented by the latitudinal
change of a. Therefore the model behaves less dynamically
than in the real world as evidenced by the lower model
values and weaker north-south asymmetry of surface nitrate
and DpCO2 in the CEP than the observed values. Never-
theless, the numerical experiments demonstrate that while
physical transport dominates the nutrients and DIC asym-
metry in the region, biological uptake also contributes to the
asymmetry of surface nutrients and pCO2 in the CEP.
5. Summary
[36] Using a coupled physical-biogeochemical model, the
possible effects of asymmetrical photosynthetic efficiency
(a) due to asymmetrical iron supply about the equator on the
primary productivity and nutrient distributions were exam-
ined in detail. Two numerical experiments were conducted
with constant a and with asymmetrical a, i.e., lower a to the
south of the equator than to the north. The roles of physical
transport on the surface nutrient asymmetry were also
analyzed. In the eastern equatorial Pacific, the asymmetrical
physical transport by equatorial divergence and the SEC are
sufficiently strong to create and maintain a strong asymme-
try of surface nutrients and DIC. The nutrients from the Peru
upwelling also contribute to this region but are smaller than
those due to the local upwelling. The asymmetry of photo-
synthesis changes the surface nutrient distributions but does
not affect the overall surface nutrient asymmetry. In the
central equatorial Pacific, the SEC carries excessive nitrate
from the east to the west and tends to extend the nitrate
asymmetry in the eastern equatorial Pacific into this region.
However, meridional transport tends to create a reversed
asymmetry by distributing more surface nitrate to the north
than to the south of the equator. The asymmetry of photo-
synthesis would help to maintain the surface nitrate asym-
metry. With asymmetrical photosynthesis, we are able to
better simulate the surface nitrate observed in the equatorial
Pacific than using a constant photosynthetic efficiency.
However, the diatom production is limited to the EUZ such
that the latitudinal change of photosynthetic efficiency does
not affect the surface silicate distribution.
[37] Similar physical and biological processes control the
surface DIC distribution in the equatorial band (10N–
10S) with additional contribution from air-sea CO2 ex-
change. The change of photosynthetic efficiency results in
about a 20% change of CO2 flux distribution in the region,
though the two model experiments show little difference in
the total air-sea fluxes. The model results further suggest
that due to the adjustment of air-sea CO2 flux, net surface
DIC changes are smaller than the changes associated with
the changes of photosynthetic efficiency.
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